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INTRODUCTION

The conversion of methane to valuable chemicals is extremely meaningful. In the past decades, great efforts have been made to the direct conversion of methane via the oxidative coupling of methane to ethane and ethylene or oxygenation to methanol and formaldehyde. Unfortunately, so far these direct processes can not be commercialized because of very low yields of target products. A conventional route for methane conversion is to convert it into syngas, which is then further converted to either methanol or higher hydrocarbons.

     Presently, the dominant commercial process used to produce syngas is the steam reforming of methane (SRM). However, the process is highly energy intensive because the reaction is strongly endothermic and the great amount of energy is consumed to vaporize excess water and heat it up to the reaction temperature. Moreover, it produces syngas with a high H2/CO ratio (>3) due to the side water gas shift (WGS) reaction, resulting in low selectivity and yield for CO. Therefore, from the industrial point of view, it is quite attractive to develop new steam reforming catalyst which can operate under low steam to carbon ratio or to develop new process to replace the conventional steam reforming.

     As an alternative, catalytic partial oxidation of methane (POM) can be considered. Many efforts have been made for the direct catalytic oxidative conversion of methane to syngas, due to the mild exothermic, high conversion, high selectivity, suitable H2/CO ratio (H2/CO=2) for the F-T and methanol synthesis, and very short residence time compared with the conventional highly endothermic SRM process.

     In the present study, the performance of Ni catalysts supported on SiO2 and MgO in POM and SRM was investigated. The aim is to develop new alternative catalyst, which has better activity, selectivity and stability in both POM and SRM processes.

EXPERIMENTAL

     Supports employed in this study were SiO2 (99%, PQ Corp.), MgO (98%, Addrich). Supported Ni catalysts were prepared by molten-salt method [1]. The samples obtained were calcined at 773K for 6h.

     The BET specific surface areas and pore volumes of the samples were measured by nitrogen adsorption at 77K (Micromeritics, ASAP-2400). TPR was carried out in conventional apparatus using 5% H2/N2 gas with a heating rate of 10oC/min. Pulse chemisorptions were performed in a multifunction apparatus [2]. The calculation methods of metal dispersion, surface area and average crystallite diameter are same as that in references [3] by assuming the adsorption stoichiometry of one hydrogen atom per nickel surface atom (H/Nis=1).

     Activity tests were carried out under atmospheric pressure in a fixed-bed microreactor. 50 mg catalysts were loaded into a quartz reactor with about 4 mm inside diameter at different process conditions. The reaction temperature was measured and controlled by a thermocouple inserted directly into the catalyst bed. Prior to reaction tests, the catalysts were reduced in 5% H2/N2 at 973K for 3h. The effluents from the reactor were analyzed on line by a gas chromatograph using a fused silica capillary column.

RESULTS AND DISCUSSION

    Table1 summarizes the typical textural properties of supported Ni catalysts. 

Table 1. Textural properties of supported Ni catalysts

	Catalysts
	BET Surface Area

(m2/g)
	Pore Volume

(ml/g)
	Average Pore Diameter

(A)

	Ni/MgO
	15.7
	0.120
	305.6

	Ni/SiO2
	261.8
	1.596
	243.8


    TPR patterns of pure NiO and Ni catalysts supported on various supports are presented in Fig.1. Pure NiO shows a sharp reduction peak at about 420oC followed by a small hump. TPR curve of Ni/SiO2 is similar to that of pure NiO, indicating that there is no strong interaction between NiO and SiO2 support. Ni/MgO exhibits two small reduction peaks with maximum at 420oC and 800oC. The reduction degree indicates that only 40.5% NiO is reduced during TPR process, suggesting a strong interaction between NiO and MgO exists. Generally, for supported Ni catalyst low temperature peaks are attributed to the reduction of large NiO particles, while the higher temperature peaks are attributed to the reduction of NiO in intimate contact with the oxide support. 
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Fig. 1. TPR patterns of various Ni catalysts .

H2 pulse chemisorption results over supported Ni catalysts are presented in Table 2. Table 2 also lists the values of metalic Ni dispersion, surface area and average crystallite diameter of Ni calculated from H2 uptake. It is clearly shows that Ni species are much better dispersed over Ni/MgO than that over Ni/SiO2. 

Table 2. H2 pulse chemisorption results of supported Ni catalysts
	Catalysts
	H2 uptake

(umol/g.cat)
	Dispersion

(%)
	Sm

(m2/g)
	Average particle

diameter (nm)

	Ni/MgO
	8.72
	1.68
	0.72
	57.8

	Ni/SiO2
	3.59
	0.32
	0.29
	303


The partial oxidation methane was carried out over Ni catalysts supported on SiO2 and MgO supports at 750oC, CH4 to O2 ratio of 1.875 and gas space velocity of 5.52(104 ml/g.h. The activity in terms of CH4 conversion, selectivity to H2 and CO are presented in Fig.2. Ni/SiO2 shows high initial activity (82.8% CH4 conversion) and high selectivity to H2 and CO. Its activity was kept constant during test. Regarding Ni/MgO, it shows lower CH4 conversion (76.7%) than that over Ni/SiO2, while its activity was also maintained with increasing time on stream. 

It is well known that NiO and MgO are completely miscible because of their similar crystalline structure and approximate cation radii. They can form a solid solution through a mechanism of lattice substitution that leads to a system almost homogeneously mixed at high temperature. Ruckenstein[4] and Tang[5] reported that an ideal solid solution was formed over Ni/MgO catalysts. Thus, the reduction peak appearing at high temperature over Ni/MgO may probably be related to the reduction of NiO and MgO solid solution.  
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Fig. 2. Methane partial oxidation over supported Ni catalysts.

     (Reaction conditions: T=750oC, CH4/O2=1.875 and GHSV=5.52x104 ml/g.h)

Due to the strong interaction between NiO and MgO support, nickel can be more uniformly dispersed in the support. Therefore, the segregation of nickel on the surface of support is avoided during pre-reduction at 700oC for 3h, as indicated by H2 pulse chemisorption results. In contrast, since NiO does not have strong interaction with SiO2 support almost all NiO is reduced to Ni0 as indicated by TPR results, and the aggregation of Ni0 easily occurs. This leads to large Ni ensembles. 

It is very interesting that Ni/MgO shows lower activity than Ni/SiO2 in POM reaction although it has higher nickel dispersion and metal surface area. There is a general agreement that POM proceeds via the dissociative adsorption of methane on the catalysts surface. The dissociative adsorption of methane has been found to be structure sensitive. It was reported by Osaki etal [6] that CH2.7 intermediate over Ni/MgO and CH1.0 over Ni/SiO2 were obtained for CH4 reforming with CO2. This means that due to the strong ability to stabilize higher x of CHx intermediates over Ni/MgO, the further decomposition of CHx to produce monatomic carbon is restrained. Generally, highly reactive monatomic carbon (C() is considered as the reaction intermediate in POM reaction. The reduction of highly reactive monatomic carbon (C() would certainly lead to the decrease of the activity of Ni/MgO compared with Ni/SiO2.      
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Fig. 3. Methane steam reforming over supported Ni catalysts.

     (Reaction conditions: MgO: T=750oC, H2O/C =1, CH4 =30ml/min;

                       SiO2: T=750oC, H2O/C =3, CH4 =30ml/min, N2 =30ml/min)

Steam reforming of methane (SRM) over Ni/SiO2 was conducted under the conditions: reaction temperature of 750oC, both CH4 and N2 flow rate of 30ml/min, H2O to CH4 ratio of 3. As shown in Fig.3, Ni/SiO2 shows much lower initial activity (23% CH4 conversion), its activity decreased dramatically and after 60min it deactivated completely. As well known that SiO2 support is hydrophilic. During SRM process, the SiO2 surface is unavoidably hydroxylated by dissociative adsorption of water. The OH formed by the dissociative adsorption of water may probably spillover on to and cover the surface of activate metalic Ni, thus leads to the decrease of CH4 conversion. On the other hand, due to the strong hydroxylation on the surface of SiO2, it is very likely to weaken the interaction between metal Ni and support, and therefore promoting the sintering of Ni crystallite.  

Concerning Ni/MgO, it shows high activity (76.7% CH4 conversion) and there is no obviously deactivation with increasing time on stream although SRM over the catalyst was carried out under very low H2O to CO ratio.

CONCULSIONS

    The partial oxidation and steam reforming of methane were performed over SiO2 and MgO supported Ni catalysts. Ni/SiO2 shows the higher activity and stability in POM, but its activity and stability in SRM are very poor. Ni/MgO shows high activity and stability in both POM and SRM, suggesting it will be a good candidate in POM, SRM or combined steam and oxygen reforming process.
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